INTRODUCTION {#sec1}
============

It is evident that carbohydrate (CHO) intake before endurance exercise increases blood glucose concentration (BG) and modifies substrate oxidation \[[@cit0001]\]. In active men and women, CHO consumption (up to 312 g ingested 4 h before exercise) led to significant increases in cycling performance which was consequent with greater blood glucose availability and enhanced CHO oxidation \[[@cit0001]\]. Previous findings \[[@cit0002]--[@cit0003]\] denote that for moderate to high intensity exercise of at least 1 h duration, CHO should be ingested prior to optimize performance. However, the efficacy of CHO ingested within 1 h of exercise is mixed, as there are reports of positive \[[@cit0004]\], negative \[[@cit0005]\], or minimal effects \[[@cit0006]\] of pre-exercise CHO on performance. Overall, these findings emphasize the importance of CHO availability during prolonged moderate to intense exercise, but suggest that nutrient timing may or may not alter changes in performance in response to CHO ingestion.

In addition to moderate intensity endurance exercise, CHO availability may also be critical during more intense intermittent exercise which due to its maximal or supramaximal intensity is more dependent on glycogen utilization to provide ATP for muscle contraction. For example, McCartney et al. \[[@cit0007]\] demonstrated a 40% decline in muscle glycogen concentration in response to four supramaximal bouts of cycling consisting of only 2 min of exercise. In male athletes, Little et al. \[[@cit0008]\] reported an ergogenic effect of low and high glycemic index CHO-rich meals (containing 1.5 g/kg bw of CHO) ingested 2 h before completion of intermittent exercise compared to fasting. Similarly, Galloway et al. \[[@cit0009]\] reported that 32 g of CHO ingested 30 min pre-exercise enhanced time to exhaustion at 90 percent peak power output (PPO) versus placebo. Nevertheless, no effect of a small meal (160 kcal and 20 g of CHO) ingested 15 or 60 min before exercise was shown in cyclists who performed 18 modified Wingate tests \[[@cit0010]\].

Previous data show that modifying BG via food intake alters mood. For example, Benton and Owens \[[@cit0011]\] concluded that increased BG (although within the normal range) is associated with lower tension. In addition, negative affect occurs in persons with insulin-dependent diabetes \[[@cit0012]\] as well as adults in a hypoglycemic state \[[@cit0013]\]. A few studies \[[@cit0014]--[@cit0015]\] have examined changes in perceptual responses during intermittent performance when CHO availability was manipulated, yet despite significant increases in performance, change in fatigue and mood acquired from the Profile of Mood States, rather than affect, was the primary perceptual-related variable. Recent studies \[[@cit0016]--[@cit0017]\] show that in-task affective valence is typically more negative in response to HIIE versus MICE which is due to the enhanced hyperventilation and blood lactate accumulation. Despite this result, post-exercise enjoyment has been reported to be higher in response to HIIE versus MICE \[[@cit0016]\], which may broaden its application in many adults.

Overall, there is a paucity of data examining the effects of CHO intake on performance of HIIE and resultant perceptual responses, and existing findings are equivocal which merits further study. The efficacy of chronic HIIE to improve VO~2~max and glycemic control is well-documented in various populations \[[@cit0018]--[@cit0020]\]. It is apparent that optimizing adaptation to exercise training is paramount to achieving athletic success as well as improving health and fitness \[[@cit0021]\], and meal intake around exercise is an important element to foster this goal. Consequently, this study investigated the effect of meal intake on HIIE performance, and in addition, included indices of perceptual responses which can be altered by pre-exercise dietary manipulations \[[@cit0022]\] and may be related to long-term adherence \[[@cit0023]\].

MATERIALS AND METHODS {#sec2}
=====================

Study Design {#sec2.1}
------------

Participants performed three sessions of exercise separated by a minimum of 48 h, with time of day maintained within participants between 8:00--10:00 am. Initially, they performed incremental exercise to determine maximal oxygen uptake (VO~2~max) and peak power output (PPO), and during two subsequent sessions, performed a session of HIIE in the fed or fasted state, whose order was randomized. Physiological and perceptual responses were measured during exercise. Prior to all sessions, they were required to be well-rested and hydrated and refrain from intense exercise for 48 h. Participants were not aware of the study hypothesis and were not blinded to the content of the meal.

Subjects {#sec2.2}
--------

Seventeen habitually active men and women were recruited through convenience sampling; their physical characteristics are shown in [Table 1](#t0001){ref-type="table"}. A questionnaire \[[@cit0024]\] was used to confirm that they completed \> 150 min/wk of physical activity including resistance training, non-competitive sport, surfing, group fitness classes, or aerobic exercise in the last year. All participants completed a medical history questionnaire to ensure absence of known cardiorespiratory or muscular contraindications or any medication use which may modify study outcomes. They provided written informed consent before participation in the study, whose procedures were approved by the University Institutional Review Board. The experiments reported in the manuscript were performed in accordance with the ethical standards of the Helsinki Declaration.

###### 

Participant demographic characteristics and maximal gas exchange data.

  Parameter              Mean ± SD      Range
  ---------------------- -------------- ------------
  Age (yr)               26.4 ± 5.8     20--46
  Gender (M:F)           10:7           NA
  BMI (kg/m^2^)          24.4 ± 2.1     21.6--28.6
  PA (h/wk)              4.7 ± 1.4      3.0--7.0
  VO~2~max (mL/kg/min)   38.6 ± 4.5     30.1--45.0
  VO~2~max (L/min)       2.8 ± 0.6      2.0--4.0
  PPO (W)                281.7 ± 59.6   198--400
  HRmax (b/min)          185.8 ± 7.4    171--200
  BLa (mM)               11.2 ± 1.4     8.9--14.2

BMI = body mass index; PA = physical activity; PPO = peak power output; HR = heart rate; BLa = blood lactate concentration.

Procedures {#sec2.3}
----------

During the initial session, participants were seated for 5 min after which blood was acquired from a sterile fingertip using a lancet (Owen Mumford, Inc., Marietta, GA) and portable monitor (Lactate Plus, Nova Biomedical, Waltham, MA) which were used to measure blood lactate concentration (BLa). They subsequently completed a brief survey confirming adherence to our pre-test guidelines which included being well-rested and hydrated and not sick. Height and body mass were determined to calculate body mass index (kg/m^2^). A plastic strap was placed on the trunk to measure heart rate via telemetry (Polar, Woodbury, NY), and participants initiated ramp exercise on an electronically-braked cycle ergometer (Velotron Dynafit Pro, Racermate, Seattle, WA). Exercise began with a 2 min warm up at power output equal to 40--70 W followed by 20--35 W/min increases until volitional exhaustion (pedal cadence \< 50 rev/min). During the bout, pulmonary gas exchange data were obtained every 15 s using a metabolic cart (Parvomedics True One, Sandy, UT) which was calibrated before testing according to the manufacturer. Verbal encouragement was provided throughout the test. VO~2~max was identified as the average of the two highest 15 s values from the last 45 s of exercise, and attainment of VO~2~max was confirmed by incidence of a plateau in VO~2~ (\< 150 mL/min) as well as RERmax \> 1.15 and HRmax within 10 b/min of 220 -- age \[[@cit0025]\]. The power output consequent with volitional exhaustion was identified as PPO. Three minutes after this bout, another blood sample was obtained from the fingertip to determine maximal BLa. Subsequently, the participant was familiarized with using the handlebar controller to freely modify workload during cycling as required in the next two sessions. Settings for the seat and bar height were recorded and repeated within subjects for all subsequent trials.

High intensity interval exercise sessions {#sec2.4}
-----------------------------------------

These sessions were preceded by the following dietary conditions: on one day, they came into the lab after an overnight fast (\> 12 h) or alternatively, after ingesting a small meal at home 2 h prior (1 medium banana and 1 chocolate peanut butter or fudge graham Zone™ bar), with total energy composition equal to 315 kcal and 63/18/19% carbohydrate (49 g), fat (6 g), and protein (16 g), respectively. Before the first session, participants recorded their dietary intake in the 24 h prior on a written log, which was photocopied and returned to them to follow for the last session. In addition, participants were provided a gift card to Jersey Mike's™ and required to ingest a sandwich and bag of chips of their choice for dinner the night before each session (energy composition ranging from 740--1,060 kcal), which was eaten between 6:00--8:00 pm.

Participants were initially seated for 5 min, then blood samples were obtained from the fingertip to measure BLa and blood glucose concentration (BG) (Bayer Contour Next, Mishawaka, IN), and they completed a brief survey confirming adherence to the pre-test guidelines. A 4 min warm-up was completed at 10% PPO, during which time they were re-familiarized with use of the handlebar controller. Participants completed ten 1 min bouts of HIIE separated by 1 min recovery. During exercise, participants were informed to perform as much work as possible and attain a minimum RPE equal to 7 on the Borg CR10 scale \[[@cit0026]\] which elicits workloads of approximately 95% PPO \[[@cit0027]\]. They were instructed to use the handlebar controller to freely modify work rate in fixed increments (10% PPO) as used in a recent study \[[@cit0027]\]. Participants were informed as to the elapsed duration of each interval in 15 s increments, yet were blinded to the change in HR, power output, or VO~2~.

Measures {#sec2.5}
--------

HR was continuously measured during exercise with telemetry (Polar, Woodbury, NY), and pulmonary gas exchange data were measured using a metabolic cart (Parvomedics True One, Sandy, UT). Mean HR was determined as the average value for the entire exercise session not including the warm-up or recovery, and peak HR was identified as the mean of the highest values attained from all ten intervals. Pre-exercise and for bouts 2, 4, 6, 8, and 10, values of HR and VO~2~ for each HIIE regime were calculated from the last two 15 s data points and first two values in recovery. Self-selected power output (in W) was continuously recorded during HIIE and expressed as a mean (including warm-up and recovery) and peak value for each session. Blood lactate concentration was also measured immediately after bout 5 and 3 min post-exercise; in addition, blood glucose concentration was measured 3 min post-exercise.

Before each session, participants were read specific instructions according to what RPE and affect represented. They were asked to respond to each scale in terms of how they felt at that moment. The meaning of the CR-10 scale \[[@cit0026]\] was communicated by instructing participants to report perceptions of their exertion in terms of their breathing, heart rate, and level of fatigue. For affect \[[@cit0028]\], they were read the following text: *While participating in exercise, it is common to experience changes in mood. Some individuals find exercise pleasurable; whereas, others find it to be unpleasant. Additionally, feeling may fluctuate across time. That is, one might feel good and bad a number of times during exercise*. Rating of perceived exertion and affect were recorded before the warm-up and immediately at the end of bouts 2, 4, 6, 8, and 10. Affect (11-point scale, rating from +5 very good to -5 very bad) was recorded at the same time points as RPE. Ten minutes post-exercise, participants' level of enjoyment was measured through the PACES scale \[[@cit0029]\] which required them to answer 18 items on a 1--7 scale.

Statistical Analyses {#sec2.6}
--------------------

Data are expressed as mean ± standard deviation (SD) and were analyzed using SPSS Version 24.0 (Chicago, IL). The Shapiro-Wilks test was used to test normality of all variables. Two-way analysis of variance with repeated measures (ANOVA) was used to measure differences in VO~2~, BLa, BG, affect, RPE, and HR across time (2--6 levels) and fed state (2 levels). The Greenhouse-Geisser correction was used to account for the sphericity assumption of unequal variances across groups. Tukey's post hoc analysis was used to determine significant differences between means when a significant F ratio was obtained. Differences in mean and peak HR, power output, and PACES between fed state were determined by a dependent t-test. Sample size was comparable to previous studies comparing oxygen uptake, affect, and enjoyment between various HIIE regimes \[[@cit0027], [@cit0030]\]. G Power \[[@cit0031]\] was used to confirm that a sample size of 11 is adequate to detect a change in affect equal to 1.0 unit, VO~2~ equal to 0.20 L/min, and PACES equal to 10 units between conditions. Statistical significance was equal to p ≤ 0.05.

RESULTS {#sec3}
=======

Eleven of 17 participants preferred performing HIIE in the fed versus fasted state. The mean HR from the HIIE intervals was equal to 175 ± 12 b/min, which is equivalent to 94% HRmax and represents intensities coincident with interval training.

Changes in oxygen uptake and heart rate {#sec3.1}
---------------------------------------

Compared to pre-exercise (VO~2~ = 0.36 ± 0.10 L/min), oxygen uptake increased (p \< 0.001) more than six-fold with initiation of HIIE and peaked at values equal to 2.51 ± 0.53 and 2.54 ± 0.53 L/min in the fed and fasted state, representing 89% VO~2~max. However, there was no main effect of time (p = 0.14) or meal X time interaction (p = 0.38). Results show that HR significantly increased over time (p \< 0.001) yet there was no main effect of meal (p = 0.17) or meal X time interaction (p = 0.08). Peak HR from end-exercise was equal to 181 ± 12 b/min. No difference was shown in mean (p= 0.25) or peak HR (p = 0.82) between the fed and fasted state. These findings are shown in [Figure 1](#f0001){ref-type="fig"}.

![Change in a) oxygen uptake and b) heart rate during self-paced HIIE in the fed and fasted state. \* = p \< 0.05 compared to pre-exercise measure within condition.](JBS-36-85557-g001){#f0001}

Changes in blood lactate and blood glucose concentration {#sec3.2}
--------------------------------------------------------

Compared to pre-exercise, BLa increased over time (p \< 0.001) from 1.5 ± 0.6 mM to 12.7 ± 1.8 mM at end-exercise, but there was no effect of meal (p = 0.11) or meal X time interaction (p = 0.79). Blood glucose increased following exercise (p \< 0.001) but there was no main effect of meal (p = 0.39) or meal X time interaction (p = 0.11). These results are shown in [Figure 2](#f0002){ref-type="fig"}.

![Change in a) blood lactate concentration and b) blood glucose concentration during self-paced HIIE in the fed and fasted state. \* = p \< 0.05 compared to pre-exercise measure within condition.](JBS-36-85557-g002){#f0002}

Changes in energy expenditure and power output {#sec3.3}
----------------------------------------------

There was no difference (p = 0.18) in calorie expenditure between HIIE in the fed (225 ± 48 kcal) and fasted state (221 ± 48 kcal). Similarly, there was no difference (p = 0.48) in mean power output (115 ± 29 W vs. 116 ± 28 W) or peak power output (239 ± 62 W vs. 245 ± 64 W, p = 0.33) between the fed and fasted state.

Changes in perceptual responses {#sec3.4}
-------------------------------

These data are shown in [Figure 3](#f0003){ref-type="fig"}. Affect gradually declined during exercise (p \< 0.001) compared to pre-exercise in the fed and fasted state (3.59 ± 1.90 and 3.28 ± 1.82). Our results show an aversive response in end-exercise affect which was equal to -0.35 ± 2.60 and -0.53 ± 2.60 in response to HIIE in the fed and fasted state. There was no main effect of meal (p = 0.79) or meal X time interaction (p = 0.85). RPE increased during exercise (p \< 0.001) and peaked at values equal to 9.1 ± 0.9 and 9.3 ± 0.6 in the fed and fasted state, yet there was no effect of meal (p = 0.44) or meal X time interaction (p = 0.32). Our data show no difference in PACES (p = 0.77) between HIIE performed in the fed (103 ± 14) versus fasted state (101 ± 13).

![Change in a) affect and b) rating of perceived exertion during self-paced HIIE in the fed and fasted state.](JBS-36-85557-g003){#f0003}

DISCUSSION {#sec4}
==========

Many years of research document the importance of CHO availability for improving endurance performance \[[@cit0032]\], yet it is equivocal whether intermittent exercise such as HIIE, which depends heavily on CHO utilization yet is shorter duration, can benefit from intake of CHO. Our data demonstrate no change in physiological or perceptual indices when HIIE is performed in the fasted compared to fed state, which suggests that eating a small CHO-rich meal 2 hours before low-volume interval-based exercise has no benefit.

Previous studies \[[@cit0008], [@cit0033]\] showing a benefit of CHO intake on intermittent performance used a 90 min intermittent running protocol on a treadmill which simulated soccer \[[@cit0008]\] or the Loughborough intermittent shuttle test (LIST) \[[@cit0033], as described in reference [@cit0034]\]), which is a 1.5 h exercise bout consisting of jogging, running, and sprinting. These bouts cause substantial glycogen degradation and in the case of the latter, it has an energy expenditure of 1300 kcal which is six-fold higher than our value observed for low-volume HIIE (see Results). In addition, in the Backhouse et al. \[[@cit0033]\] study, trials were preceded by a glycogen-depleting exercise session that was followed by a low-CHO meal which further reduce CHO availability and in turn may augment any potential benefit of pre-exercise CHO intake. In contrast, in our study, we required participants to abstain from intense activity for 48 h before each session and to ingest a relatively high-CHO meal the evening prior, which should elicit relatively adequate levels of muscle glycogen. A previous study showed significant (20% ) glycogen utilization in response to completion of two 20 s "all-out" sprints at 7.5% body weight \[[@cit0035]\], which is slightly lower than the magnitude of glycogen degradation characteristic of our HIIE protocol (30--40% , Dr. Martin Gibala, personal communication). Despite this, no measure of performance (power output or oxygen uptake) was altered in response to our intervention, which is likely due to the lower volume of work required, the relatively small meal ingested pre-exercise, and the intake of a high-CHO meal the night before. Nevertheless, Galloway et al. \[[@cit0009]\] reported significantly longer time to exhaustion when 32 g of CHO was ingested in a drink 30 min pre-exercise compared to 120 min prior or a placebo treatment. This is surprising considering the notion that CHO is not limiting to bouts of this relatively brief duration \[[@cit0007]\]. They explained this finding through an elevation in pre-exercise blood glucose, which promotes CHO oxidation and blunts lipid oxidation, as well as a potential to augment liver glycogen stores which then could be utilized during the subsequent bout.

There is a paucity of data concerning perceptual responses to intermittent exercise with manipulation of fed state. Little et al. \[[@cit0008]\] revealed a lower RPE when a low glycemic index meal was ingested before intermittent running compared to placebo. Backhouse et al. \[[@cit0033]\] exhibited higher perceived activation towards the end of the LIST with CHO ingestion versus placebo, although there was no change in RPE or affect despite non-significant trends emerging for higher pleasure and lower exertion at the end of exercise. Although Galloway et al. \[[@cit0009]\] reported no significant difference in any index of mood between CHO and placebo trials, their data show higher vigor and attenuated fatigue with CHO ingested 30 min pre-exercise versus all other trials. Our data show no effect of fed state on RPE, affect, or enjoyment which is likely related to the lack of differences in the power output and oxygen uptake response to HIIE. Although we required participants to continuously regulate work rate during HIIE, they were "clamped" at an RPE \> 7, which may have led to the lack of changes in perceptual responses. Whether similar findings would be revealed during repeated Wingate tests or other sprint interval training regimes such as reduced exertion high intensity training \[[@cit0035]\] is unknown and merits further study. Examining perceptual responses to exercise is important, as the suitability of sprint interval training for inactive populations has been debated \[[@cit0036]--[@cit0037]\] despite its documented efficacy and feasibility \[[@cit0035], [@cit0038]\] in these individuals.

Our data ([Figure 2](#f0002){ref-type="fig"}) show exercise-induced increases in BLa and BG, yet there was no effect of fed state on these outcomes. Our post-exercise BLa values equal to 12.6--13.1 mM support previous studies \[[@cit0009], [@cit0039]\] and demonstrate the high intensity of our HIIE regime. In previous studies \[[@cit0008]--[@cit0009]\] showing improved exercise performance with CHO, no difference in BLa was shown. Although speculative, this would imply that glycolytic flux or alternatively, lactate oxidation and clearance, are significantly altered when CHO is ingested prior to HIIE. In addition, the fact that pre-exercise BG was not different across conditions is likely due to the 2 h duration between meal ingestion and this measure. When 32 g of CHO were ingested 2 h before intense exercise at 90% PPO, there was no change in BG from baseline to pre-exercise, unlike when CHO was ingested only 30 min prior which showed a significant rise in BG \[[@cit0009]\]. When a high glycemic index (GI) meal containing 38 kJ/kg of CHO was ingested 2 h prior to exercise, BG was significantly elevated versus baseline for 90 min post-ingestion, which did not occur with ingestion of a low GI meal of similar energy composition \[[@cit0008]\]. Although our meal was high in CHO, a banana has a relatively low GI equal to 60, and the protein bar contains s 60% of calories from fat and protein, which reduces its glycemic load. Consequently, meal intake 2 h pre-exercise as well as the low glycemic index of the meal likely led to no difference in pre-exercise BG between the fed and fasted state. It is plausible that this similar BG response between conditions led to a similar metabolic and perceptual state before exercise which resulted in no difference in any outcome between the fed and fasted state.

Our data apply to young, active people participating in low-volume HIIE, so results cannot be generalized to other populations such as sedentary individuals, the elderly, or athletes. Our meal was ingested 2 h pre-exercise at home rather than in the laboratory, so we are not certain that it was ingested at this exact time. However, we asked participants to verify this using a brief survey and verbal confirmation. In addition, the meal was ingested 2 h pre-trial to avoid rebound hypoglycemia which can occur if CHO is ingested within 60 min of exercise \[[@cit0040]\]. However, some results suggest that there is no benefit of CHO when ingested 75--120 min pre-trial \[[@cit0009]\], although other data refute this claim \[[@cit0001]\]. In addition, the meal contained only 50 g of CHO as well as protein and fat, so it is unclear if the relatively small amount of CHO and mixed macronutrient composition were optimal to enhance HIIE performance. However, the study is strengthened by close supervision of physical activity before each trial as well as standardization of meal intake on the evening prior to each session. In addition, our mixed meal better represents the recommended constituents of a pre-exercise meal (CHO for energy and protein for muscle repair) rather than solely CHO which may be undesirable for many exercisers or cause gastrointestinal distress \[[@cit0041]\].

In overweight women \[[@cit0042]\], data showed that 6 wk of either fed or fasted HIIT led to significant and similar improvements in body composition as well as increases in citrate synthase and b-hydroxyacyl-CoA dehydrogenase activity. More recently, Terada et al. \[[@cit0043]\] showed that performing 12 sessions of sprint interval training in the fasted state led to superior improvements in exercise performance in cyclists compared to CHO supplementation. In addition, performing a single Wingate test preceded by glucose ingestion abolished the increase in SIRT1 which plays an important role in lipid oxidation, mitochondrial biogenesis, and glucose control \[[@cit0044]\]. Despite these somewhat mixed findings regarding potential benefits of performing interval training in the fasted state, our data show no effect of ingestion of a CHO-rich meal 2 h pre-exercise on physiological or perceptual responses to low-volume HIIE requiring only 10 min of work. However, 65% of participants preferred exercise in the fed state which may be related to individual perceptions of exercise and whether they typically intake food before exercise. Further study examining larger amounts and different types of CHO ingested closer to the HIIE session are needed to provide dietitians and clinicians with clearer guidelines regarding efficacy of meal intake before intermittent exercise.

CONCLUSIONS {#sec5}
===========

Many exercisers wonder whether food needs to be ingested before exercise to enhance their performance or potential for experiencing various adaptations to exercise training including weight loss or gains in fitness. Intermittent exercise such as interval training relies heavily on CHO utilization to fuel these bouts, although its brief duration may not require ingestion of CHO before exercise. Our data, albeit preliminary and acquired in a small sample, show no effect of meal intake on changes in various physiological or perceptual measures during low-volume interval exercise, suggesting little benefit of ingesting a carbohydrate-rich meal a few hours before this bout to enhance performance.
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